Humans evolved in the presence of numerous microbial communities that preceded the appearance of mammals on planet Earth. The role of these microbial communities in our evolution is a matter of considerable interest. Indeed, comparative studies with germfree and conventional animals have established that the intestinal microflora is essential for the development and function of the mucosal immune system during early life, a process that is now known to be important to overall immunity in adults. An absence of intestinal bacteria is associated with reductions in mucosal cell turnover, vascularity, muscle wall thickness, motility, baseline cytokine production, and digestive enzyme activity and with defective cell-mediated immunity (83) . Furthermore, the intestinal microflora makes important metabolic contributions to vitamin K, folate, and short-chain fatty acids, such as butyrate, a major energy source for enterocytes, and also mediates the breakdown of dietary carcinogens (7, 50) . The bacterial flora of the gastrointestinal tract varies longitudinally; the oral cavity contains about 200 different species, the stomach is almost sterile, and the bacterial content increases distally, with approximately 10 8 bacteria per g (dry weight) of ileal contents and up to 10 12 bacteria per g (dry weight) of colonic contents (7) . The conclusions of studies on the bacterial flora carried out some decades ago are still thought to be true. The large intestine contains organisms belonging to over 30 identified genera and as many as 500 separate species or phenotypes. The main types of bacteria in the colon are obligate anaerobes, and the most abundant bacteria are members of the genus Bacteroides, anaerobic gram-positive cocci, such as Peptostreptococcus sp., Eubacterium sp., Lactobacillus sp., and Clostridium sp. More recent studies of large bowel biopsies confirmed that Bacteroides was a dominant genus in the specimens examined (142) .
Thus, intestinal bacteria represent a complex and incompletely understood microbiome. Since certain organisms are thought to play a role in the onset of inflammatory diseases of the bowel, whereas other organisms are considered protective, this review explores the relationship between bacteria that reside in the gastrointestinal tract and the host. There is an emphasis on bacterial interactions with epithelial cells, as well as on the role of bacteria in the development of inflammation and in defense mechanisms deployed by the host to counter such attacks. Selected homeostatic processes and mediators that may maintain the intestine in a state of "controlled inflammation" are also discussed.
ROLE OF THE COLONIZING BACTERIA IN THE GASTROINTESTINAL TRACT
The microflora of the intestinal microenvironment as a unit has important protective, metabolic, and trophic functions. Resident bacteria serve a central line of resistance to colonization by exogenous microbes and thus assist in preventing the potential invasion of the intestinal mucosa by an incoming pathogen. This protective function is known as the barrier effect or colonization resistance, and the bacteria have a number of important roles. One role is that adherent nonpathogenic bacteria can often prevent attachment and subsequent entry of suspected pathogens into epithelial cells. Another role is that commensal bacteria compete for available nutrients in ecological niches and, in doing so, maintain the collective microenvironment by administering and consuming all resources. This mutual and beneficial relationship helps dampen unwanted overproduction of nutrients, which could potentially support intrusion of microbial competitors that could have a pathogenic outcome for the host (51) .
The microflora also makes an important metabolic contribution to the synthesis of certain vitamins. In fact, vitamin synthesis by the intestinal microflora has been recognized since at least 1934, when Fildes wrote, "It is not impossible that substances shown by the bacterial chemist to be necessary for the proper growth of bacteria may subsequently be found to be necessary for the growth of animals" (33) . A key example of the importance of this metabolic relationship was the finding that germfree mice require supplementation with vitamin K and some B vitamins (i.e., folate, B 12 , and biotin) since these vitamins are microbially derived products (6, 155) . Indeed, these vitamins are synthesized by several intestinal genera, including Bacteroides, Eubacterium, Propionibacterium, and Fusobacterium.
Perhaps the major metabolic function of the colonic microflora is the fermentation of nondigestible carbohydrates, which are key sources of energy in the colon. These nondigestible carbohydrates include large polysaccharides (i.e., resistant starches, pectins, and cellulose) and some oligosaccharides that escape digestion, as well as unabsorbed sugars and alco-hols. The primary metabolic endpoint of this fermentation is the generation of short-chain fatty acids. A fundamental role of short-chain fatty acids in colonic physiology is their trophic effect on the intestinal epithelium. All three major short-chain fatty acids (acetate, proprionate, and butyrate) stimulate epithelial cell proliferation and differentiation in the colon in vivo, whereas butyrate inhibits cell proliferation and stimulates cell differentiation in vitro (35) . Therefore, short-chain fatty acids appear to play an essential role in the control of epithelial cell proliferation and differentiation in the colon. In addition, recent studies have revealed further effects of butyrate on the intestinal barrier function (112) .
Another important trophic factor is the communication network that exists between the host and the resident microflora at the mucosal interface, which channels the development of a competent immune system. There is a clear indication that microbial colonization of the gastrointestinal tract affects the composition of the gut-associated lymphoid tissue (GALT) (83) . Not surprisingly, the interplay between the GALT and the microflora early in life is also crucial for the appropriate development of the complex mucosal and systemic immunoregulator circuitry.
Furthermore, the intimate relationship between the mucosal microflora residents, the intestinal epithelium, and the GALT is involved in sculpting the memory mechanisms of systemic immunity, such as oral tolerance. This was initially recognized after the discovery that the systemic response to a specific pathogen can be abrogated after ingestion of the antigen; this effect continues for several months in conventionally colonized mice, whereas in germfree mice systemic unresponsiveness persists for only a few days (100) . Therefore, the innate immune system must be able to discriminate between potential pathogens and commensal bacteria. One way that this is achieved is by mammalian cell expression of Toll-like receptors (TLRs), which recognize conserved motifs on bacteria that are not present in higher eukaryotes. This innate strategy, which is discussed below, allows immediate recognition of bacteria so that the mammal can rapidly respond to a potential threat. Therefore, the unique dialogue that has developed between the bacteria in the normal flora and the epithelium with its associated GALT is critical to promoting the development as well as the homeostasis of the immune system.
EPITHELIAL CELL INTERACTIONS WITH PATHOGENS
Polarized intestinal epithelial cells (IEC), as well as the resident microflora, provide a barrier that guards against microbial invasion (Fig. 1) . The necessity for the epithelium to maintain an intact barrier between lumen bacteria and the lamina propria is exemplified by the consequences after the barrier function is altered. Indeed, impairment of the barrier function of the intestinal epithelium may be a predominant mechanism in the pathogenesis of inflammatory bowel disease (IBD) (23) .
Enterocytes are recognized as immunoeffector cells that have the capacity to secrete or transport cytokines, chemokines, antimicrobial peptides/proteins, mucins, immunoglobulin A (IgA), and complement components (20, 72, 107) , as well as express molecules involved in antigen recognition and presentation (89) . However, certain microbes have adapted to the hostile environment by targeting specific epithelial cell structures, including glycoproteins and glycolipids, which can serve as receptors for bacterial attachment (131) . The strategies utilized by pathogens include directly entering epithelial cells from the apical surface, transcytosing from the apical membrane to the basolateral region, and creating direct access to basolateral domains. The latter can be achieved by direct cytotoxic injury, intracellular migration, or disruption of the epithelial cell tight junctional complex (145) . It can also occur indirectly by induction of polymorphonuclear leukocyte (PMN) migration as large-scale transepithelial PMN migration results in decreased barrier function (84) . Pathogens use a plethora of mechanisms to decrease the barrier function of the intestinal epithelium, and pathogen-epithelial cell interactions have been extensively reviewed (84, 145) . For example, PMN migration to the epithelium can be elicited by the chemokine CXCL8, which was formerly designated interleukin-8 (IL-8) (Fig. 1) . A range of pathogens upregulate the production of CXCL8 and other chemokines by IEC (26) . It has been shown that enteroaggregative Escherichia coli can promote CXCL8 release from IEC via a novel flagellin (139) , and this occurs by activation of TLR5 (42) .
The importance of these bacterium-epithelial cell interactions is illustrated by the fact that diarrhea remains one of the leading causes of mortality in children in developing countries. Enteropathogenic E. coli (EPEC) is an important cause of severe diarrheal illness associated with high infant mortality (48) . This bacterium has been shown to mediate CXCL8 release by IEC (48) . In addition, infection of polarized IEC monolayers by EPEC, as well as by enterohemorragic E. coli, leads to a loss of transepithelial electrical resistance that also requires the type III secretion system. The decrease in transepithelial electrical resistance is largely due to perturbations in the apical junctional complex mediated by the EPEC and enterohemorragic E. coli type III secretion system effector protein EspF (95, 144) . More recently, another EPEC effector protein, EspB, was shown to be critical for the microvillus effacing and inhibition of phagocytosis that is induced by EPEC infection (56) .
All intestinal epithelial apical cell surfaces are potentially apposed to enteric microorganisms, and contact is influenced by gross anatomy (intestinal folds, crypts, and villi) and mucous layers. Some epithelial cells appear to have a specific role in sampling and processing intestinal lumen contents. These specialized epithelial M (microfold) cells, a phenotype that occurs only in the epithelium overlying organized lymphoid follicles, can deliver samples of foreign material from the lumen to organized lymphoid tissues within the mucosa of the small and large intestines (66) . Many pathogens exploit mucosal lymphoid tissue to reach the mucosal barrier and to gain entry into the host. Salmonella enterica serotype Typhimurium, for example, preferentially invades M cells in murine ligated intestinal loops (60) and triggers membrane ruffling similar to that seen in cultured cells. M cells invaded by S. enterica serovar Typhimurium die, thereby facilitating dissemination of the pathogen into the tissue and systemic circulation. Members of the GTPase family, such as Rac 1, seem to regulate Salmonella invasion at the plasma membrane of cultured polarized epithelial cells (22) .
EPITHELIUM-LPS INTERACTIONS:
A COMPLEX SCENARIO There are also communication networks between host cells and pathogens that seek to breach the intestinal mucosa. A variety of pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS), a glycolipid derived from the outer membrane of gram-negative bacteria, and lipoteichoic acid, derived from gram-positive bacteria, signal the immune system that "invaders" are present. Such components may also be derived from the resident microflora and thus might also be designated commensal-associated molecular patterns (15) . The cellular receptors that detect the bacterial components described above in addition to flagella, bacterial DNA, and viral RNA are known as TLRs (96) . TLRs are homolgous to the innate immune Toll receptors in Drosophila melanogaster, and signaling by these receptors is specific in terms of the stimulus and the type of response (69) . TLR4 was the first characterized mammalian TLR and functions as the major signaling receptor for LPS in vitro and in vivo (96) . The importance of the intestinal epithelium as a barrier is further underscored by the fact that the intestine is the major source of LPS, which can be found at g/ml levels in the gut lumen (143) , during sepsis, and/or after traumatic events such as surgery. Indeed, LPS is the most frequent cause of septic shock, which affects approximately 400,000 patients per year in the United States and kills more than 100,000 people per year (110) .
TLRs, which are the focus of intense research, are constitutively expressed by the IEC (36) , and the expression pattern is altered during IBD (16) . However, there has been some controversy regarding whether enterocytes constitutively express the molecules involved in LPS signaling, and cell lines likely do not completely model the "in vivo" enterocytes (36) . Activation of TLRs usually leads to sequential activation of members of the kinase family, culminating in the activation and recruitment of transcription factors such as nuclear factor B (NF-B), as well as the transcription of various inflammatory genes, leading to a proinflammatory cytokine cascade. NF-B functions as a pivotal regulator of intestinal immunity (17) . In addition to its immunoregulatory role, NF-B has been demonstrated to be a regulator of apoptosis, and it is possible that pathogens use this type of cell death to their advantage (18) . However, given the rapid turnover of the intestinal epithelium, it is plausible that such apoptotic mechanisms, when they occur in a controlled manner, limit infection (44) by eliminating intracellular bacteria or their components. This theory is supported somewhat by the observation that differentiated enterocytes are capable of transcytosing LPS in the basolateral-toapical direction, an ability not shared by undifferentiated cells (4) . Such mature cells sloughed off at the villus tip might clear LPS into the intestinal lumen and facilitate its removal from the body. This also correlates with the observation that enterally administered LPS does not appear in the intestinal epithelium and remains in the lumen, whereas when it is administered intravenously, it is transported to the lamina propria, largely by macrophages, and is found in enterocytes (41), where it is preferentially localized in epithelial cells at the villus tips. However, an emerging theory supports the notion that LPS recognition occurs within the enterocytes (15) , where it has been shown to be bound to TLR4.
Confounding the situation further, it is still not known whether and how the body distinguishes between a pathogen and a nonpathogen. An elegant study by Rakoff-Nahoum and colleagues demonstrated that the recognition of commensal bacteria by TLRs is necessary for protection against gut injury and associated mortality (119) . The very interesting series of experiments of these workers prompts the question whether it is necessary for IEC to be apposed to bacteria, if indeed IEC are the main cells involved in evoking a response. Since the protective effect was mediated by LPS alone, one wonders whether the mediator, largely viewed as proinflammatory, can mediate other, as-yet-unrecognized effects. It is not known whether this protective effect is different for bacteria termed "rough" and "smooth," depending on the glycosylation pattern of the O antigen. Smooth strains, which are likely to be more prevalent in the intestine, are characterized by greater virulence (82) . Another recent study demonstrated that in IEC, TLR4 and MyD88 expression are necessary for activation of the cyclooxygenases, such as cyclooxygenase 2, which facilitates epithelial repair in colitis (37) . The interaction of LPS with enterocytes, if indeed it occurs frequently, is of significant interest but is not fully understood. The response to TLR9 agonists may differ depending on the whether signaling is activated at the apical or basolateral pole (73) , underscoring the importance of epithelial cell polarity in homeostatic processes.
Recent findings indicate that certain nonpathogenic enteric bacteria initiate inflammatory signaling in the epithelium. This is thought to represent "physiologic inflammation" and with certain "control" mechanisms does not result in overt inflam- . A large M cell with a closely associated phagocyte is also shown. Even during the resting state some of these entrocytes express the cytoplasmic microbial pattern recognition receptors (PRR) (i.e., NOD2). (B) Infected intestinal mucosa. A typical diseased intestinal epithelium during bacterial insult is shown. On the left side (cells labeled A to C) an M cell (cell A) takes up S. enterica serovar Typhimurium after the bacterium injects its effectors through the type III secretion system (TTSS), leading to the formation of a Salmonella-containing vacuole (SCV) and eventual host cell death. Cell death liberates the bacteria, which can invade the incoming phagocytes. For a neighboring cell (cell C) the key events of the host cell response are shown, which includes LPS activation of a surface pattern recognition receptor (TLR4), leading to MyD88-dependent activation of NF-B and basolateral release of IL-8 (CXCL8). At the same time the intracellular pattern recognition receptor, NOD2, recognizes a bacterial peptidoglycan (PG) derivative and triggers a pathway that culminates in NF-B activation. The epithelial cells also secrete the PMN chemoattractant hepoxilin A 3 (HXA 3 ) at the apical surface, resulting in an influx of neutrophils into the mucosa and lumen from the underlying vascular bed. On the right side (cells D and E) EPEC and V. cholerae infection is shown. Cell D loosens the brush border and tight junction due to the bacterial effectors secreted by the type III secretion system. In the case of cell E the result is almost same, but the outcome is due to a toxin secreted by V. cholerae. FA, fatty acid. (45) . However, the situation is complex as there are variations in LPS responsiveness between epithelial cell lines; Caco-2 cells, which express high levels of TOLLIP and low levels of TLR4, are hyporesponsive, and SW480 cells are very responsive (141) . It is therefore difficult to discern which scenario best reflects the characteristics of the in vivo enterocyte. In addition, a further level of regulation in LPS-enterocyte interactions may be the phenomenon of endotoxin tolerance, whereby repeated exposure to LPS results in a lack of responsiveness (106) . Indeed, it has been found that tolerance to LPS is established shortly after birth (79) . Tolerance to LPS is a well-controlled active response that is orchestrated in order to prevent excessive inflammation. Homeostasis of the epithelium, therefore, likely requires a finely tuned balance between response and tolerance to bacteria within the intestinal lumen. This is influenced not only by characteristics of the epithelium and the bacterial species themselves but also by the underlying cells in the lamina propria.
MECHANISMS UTILIZED BY INTESTINAL PATHOGENS TO INITIATE AND INDUCE DISEASE
Bacterial diarrheogenic infections are characterized by disruption of the normal movement of electrolytes and water across the epithelium, which is converted from a state of net fluid absorption to a state of net fluid secretion (48, 145) . Secretory diarrhea, as a result of epithelial chloride secretion, has long been considered a host defense mechanism. This conclusion is based on the notion that increased fluid and electrolyte movement into the gut lumen helps inhibit the adherence of pathogenic organisms and so "flushes" them from the body. An alternative view of pathogen-induced diarrhea is to regard it as a way to ensure transmission to new hosts. These ideas are not mutually exclusive, and secretory diarrhea may be advantageous to both the host and the pathogen. One mechanism by which Salmonella causes diarrhea was elucidated by Eckmann and colleagues. In their study it was shown that infection of cultured human IEC lines with invasive bacteria induced expression of one of the rate-limiting enzymes for prostaglandin formation, prostaglandin H synthase, an event likely to increase production of prosecretory prostaglandins (27) . Verifying the physiologic importance of epithelial prostaglandin H synthase 2 expression, supernatant from bacterium-infected IEC was shown to increase chloride secretion in an in vitro model using polarized epithelial cells, and this activity was accounted for by prostaglandin E 2 (27) . Such reductionist models have been used extensively to elucidate the effects of bacteria, leukocytes, and drugs on barrier, transport, and immune effector properties of IEC (54) .
Bacteria are not restricted to a single mechanism for host interactions that result in diarrheal disease (Fig. 1) . For example, Vibrio cholerae resides in the lumen of the small intestine and produces toxins that alter ion absorption and/or secretion (1). Other bacteria, such as Shigella and enteroinvasive E. coli, invade and destroy the colonic epithelium, leading to dysentery (114) . More recently, pathogenic E. coli has been shown to increase chloride ion secretion from intestinal epithelia by upregulating the expression of the receptor for the neuropeptide galanin 1 (49) . Rotavirus, another important cause of diarrhea in infants, induces this condition by activating the enteric nervous system (81) .
A large influx of neutrophils into the mucosa and lumen from the underlying vascular bed of the intestine is a significant feature of intestinal bacterial infections (Fig. 1) . When Salmonella is added to the apical surface of T84 monolayers cocultured with PMN, transepithelial PMN migration results. CXCL8 synthesis and basolateral secretion occur and are thought to result in the recruitment of PMN through the lamina propria to the subepithelial space, but they play no role in the migration of PMN across the intestinal epithelium (91, 92) . Evidence suggests that a soluble chemotactic factor, pathogenelicited epithelial chemoattractant, is necessary for the final step of PMN transmigration into the gut lumen (94) . Pathogen-elicited epithelial chemoattractant has been identified as the eicosanoid hepoxilin A 3 (101) . This process is quite complex, as distinct signaling pathways mediate S. enterica serovar Typhimurium invasion, induction of CXCL8 secretion, and induction of hepoxilin A 3 (90) . Nevertheless, the ability of Salmonella serotypes to elicit PMN transmigration in vitro correlates with their ability to cause diffuse enteritis (defined histologically as transepithelial migration of PMN), but not typhoid fever, in humans (93) . In the case of S. enterica serovar Typhimurium, the effector protein SipA is necessary and sufficient to drive PMN transmigration across model intestinal epithelia (147) . Since PMN can release proteases and reactive oxygen intermediates, this may result in damage to bystander cells, thus perpetuating the inflammatory process.
BACTERIA IN IBD
An increasing number of clinical and laboratory findings have provided evidence for the contribution of bacteria which reside within the intestinal lumen to the pathogenesis of IBD, and considerable data obtained with virtually all animal models have implicated bacteria in this process. The results of studies using knockout mice with disrupted genes for cytokines or cell surface structures for immunity are especially noteworthy. For example, IL-2, IL-10, or T-cell receptor knockout mice do not develop colitis when they are reared in a germfree environment (9) . However, once the normal gut microflora is restored, inflammatory disease occurs. Moreover, CD4
ϩ T cells that react with antigens of enteric bacteria produce colitis after transfer to immunodeficient hosts. This colitis resembles Crohn's disease (CD), exhibiting features such as transmural inflammation with focal ulceration (19) . Among the commensal intestinal microbes colonizing both IBD patients and experimental animals, anaerobic bacteria, particularly members of the genus Bacteroides, are thought to play an important role in the development of inflammation. In a carrageenan guinea pig model of experimental colitis, germfree animals did not develop colitis until after monoassociation with Bacteroides vulgatus, and furthermore, pretreatment with the antibiotic metronidazole prevented colitis (105) . The degree of cecal inflammation in HLA-B27 transgenic rats correlated with the levels of isolates of Bacteroides and increased anaerobic bacterium/aerobic bacterium and Bacteroides/aerobic bacterium ratios (121) . Microorganisms other than Bacteroides have also been implicated. For example, Helicobacter muridarum has been shown to play an important role in the onset of IBD in SCID mice (58) .
Data from human studies appear to corroborate the hypothesis that there is an association between the gastrointestinal flora and intestinal inflammation. Bacteria are thought to play a major role in the development of CD in particular. Indeed, mutation of a bacterial sensing gene, nucleotide oligomerization domain 2 (NOD2), accounts for a major genetic locus of CD susceptibility (53) and suppression of host protective responses (5). The sites that are typically affected by inflammation in IBD patients are the sites that bacteria colonize at a high density, such as the distal ileum and colon. Furthermore, the use of antibiotics or diversion of the fecal stream has been found to reduce inflammation in patients, thus supporting the notion that intestinal bacteria play an important role in sustaining inflammation (156) . It remains unclear whether the stimulus in IBD patients is a normal response to an as-yetunrecognized and persistent antigen or whether the inflammation represents a dysregulated response to antigens already present in the intestine secondary to a failure of normal immunoregulatory mechanisms. The hypothesis that human IBD might somehow be related to the normal bacterial flora was first proposed some years ago (138) . Since then a significant amount of information has been gathered from mouse and human studies supporting the concept that a dysregulated response to the normal flora plays a critical role in the development of IBD (9) . Despite these advances, interpreting the data has become somewhat confusing since what is considered "normal" or nonpathogenic flora in one rodent strain may be pathogenic in another, and similar circumstances may exist in humans. Furthermore, "normal" flora appears to be highly specific to individuals. Humans and mice are tolerant of their own autologous flora but not of heterologous flora (25) ; however, the underlying reasons for this are not known. Mechanisms involved in the maintenance of tolerance to commensal flora have been reviewed elsewhere (61) .
Alterations in the fecal flora of IBD patients have been reported, but no consistent alterations in the balance or composition of the flora have been identified. Some studies have found greater concentrations of coliforms and aerobic bacteria in patients with severe ulcerative colitis and moderate and severe CD, whereas other studies have reported a decrease in anaerobic and Lactobacillus species in patients with active IBD (31) . An investigation of the rectal mucosa-associated bacterial flora in ulcerative colitis patients showed that both the highest bacterial counts and the highest isolation frequency were observed for B. vulgatus, Bacteroides fragilis, and Bacteroides ovatus, in that order (116) . Changes in colonization patterns have also been observed (134, 142) , but the relative contributions of host and bacterial factors to this phenomenon remain to be elucidated. Altered host response dynamics may also account in part for the development of disease. Several studies have demonstrated that the systemic and local immune responses against gut microflora are distorted in IBD patients. The associated lesions and the immunologic changes indicate a breakdown of mechanisms that maintain oral tolerance to components of the microflora and/or foodstuffs. The findings supporting the presence of an altered immune status include an exaggerated mucosal antibody response against intestinal bacteria. For example, it has been shown that the serum antibody titer against B. fragilis was elevated in IBD patients (10) , and an increased level of serum antibody to the genus Bacteroides was also demonstrated (2) . B. ovatus may be a predominant commensal microbe causing a systemic IgG antibody response in IBD patients and identified a dominant bacterial antigen (126) . Enzymes produced by this bacterium damage intestinal tissue (126) and may compromise the epithelial barrier. This could result in an increase in the antigen load in the submucosal compartment, culminating in an enhanced systemic IgG antibody response to the bacterium within the intestinal lumen. This is without doubt a complex process, probably involving various bacterial phenotypes.
Flagellin, a common antigen present on most motile bacteria in the intestine, was recently identified as a major antigen in CD (78) . Marked reactivity of T cells to flagellin was observed, and flagellin-specific T cells induced colitis when they were adoptively transferred into immunodeficient mice. Whether such antigenic molecules consistently play a directly pathogenic role or even a potentially diagnostic role in intestinal tissue in vivo remains to be conclusively determined, but this is an exciting possibility. A systemic search for putative CD antigens is thus complicated by three issues: first, the category of microorganisms is uncertain and the microorganisms are potentially noncultivatable (123); second, resident microbes in the human ileum and colon (where CD mainly occurs) are abundant and diverse (129) ; and third, the disease phenotype elicited by putative microbial pathogens is very difficult to define due to host susceptibility traits (104) .
SUBVERSION OF IMMUNE RESPONSES BY PATHOGENS
In the literature there are many examples of studies demonstrating that upon exposure to bacteria, eukaryotic cells activate signaling pathways that result in increased expression of several defense-related genes. However, certain pathogens, such as Yersinia enterocolitica, have developed the ability to subvert the protective host response. This microorganism has been shown to prevent the phosphorylation and subsequent degradation of the inhibitor protein IB (132) . Consequently, eukaryotic cells infected with this YopJ-expressing Yersina become impaired in NF-B-dependent cytokine expression. Yops are believed to be the first bacterial members of a new family of ubiquitinlike proteases and act by inhibiting mitogenactivated protein kinase pathways, which in turn inhibit NF-B activation (21) . While the host substrate for this protein has not been identified, it is tempting to speculate that commensal bacteria that do not provoke a host inflammatory response may also express the Yop proteins. Indeed, microbes have developed the means to interfere with different stages of ubiquitination and related pathways in order to promote their survival and replication, and this is an area of increasing interest (125) . Further, a recent study showed that S. enterica serovar Typhimurium can downmodulate CXCL8 production after invasion of IEC. The Salmonella translocated effector proteins SspH1 and SptP participate in this process (46) . SspH1 is a member of the group of bacterial proteins that contain leucine-rich repeats of the LPX type that localizes to the mammalian nucleus VOL. 76, 2008 MINIREVIEW 3365
on September 7, 2017 by guest http://iai.asm.org/ and inhibits NF-B-dependent gene expression. It therefore appears that downregulation of this pivotal transcripton factor is both a commensal-associated phenomenon and a pathogenassociated phenomenon. In addition, bacteria and their products may modulate other signaling pathways, thereby influencing factors that regulate epithelial barrier function and inflammation. Hypoxia inducible factor 1 (HIF-1) is a pivotal transcription factor involved in expression of genes, including barrier protective genes, during hypoxia (39) . Butyrate, which is produced by intestinal bacteria and utilized by enterocytes as an energy source, can suppress HIF activation (99) . Conversely, bacteria and LPS can cause the induction of HIF-1 in human and murine epithelial cells (70) . In addition, P-glycoprotein, a HIF-1-inducible protein, has been demonstrated to play a role in the inhibition of invasion of enterocytes by Listeria monocytogenes (103) . Indeed, the intestine is thought to be hypoxic in the physiologic state (140) , and the colonic epithelium has been shown to be severely oxygen deprived during inflammation (62) . The latter study identified epithelial HIF-1 as a critical factor for barrier protection during colitis. It is therefore of great interest to determine the potential role of such cross talk between bacteria and other intestinal cell types under normal physiologic conditions, as well as under abnormal pathophysiologic conditions.
HOMEOSTASIS IN THE GUT: PATHOGENS VERSUS PROBIOTICS
The profile of the bacterial population in the intestine of an individual reflects a dynamic interaction between the many bacteria present in the lumen. Thus, there are homeostatic processes that control the inflammatory effects of certain bacteria, involving the action of nonpathogens. The normal gut flora is thought to prevent colonization by pathogens via mechanisms such as more successful competion for nutrients or for epithelial attachment sites ( Fig. 1) (80) . Probiotics are defined as live microbial food supplements that benefit the host by improving the intestinal microbial balance. The word "probiotic" is derived from the Greek word "biotikos," which is literally translated as "of this life." Probiotics have been used for many years in the animal feed industry, but they are now increasingly being made available in many forms and can be purchased over the counter as freeze-dried preparations in health food stores. Thus, possible health benefits associated with treatment using probiotic organisms are widely gaining acceptance. For example, there have been several reports of disease prevention or enhancement of immune function resulting from the administration of probiotics, such as strains of Lactobacillus, Bifidobacterium, and E. coli Nissle 1917 (EcN), in both animals and humans (38, 87) . These organisms are thought to prevent the attachment of pathogens to enterocytes and invasion of these cells (80) . Furthermore, probiotic bacteria have been shown to enhance the human and murine intestinal epithelial barrier function (85) , thereby preventing the translocation of potentially harmful organisms.
More recent research has elucidated mechanisms by which probiotics exert beneficial effects. EcN can inhibit the growth of pathogenic organisms, probably due to the production of microcins, which are gene-encoded antimicrobial peptides secreted by Enterobacteriaceae (115) , and this organism can also decrease the death of IEC induced by S. enterica serovar Dublin, a pathogenic organism (106) . Furthermore, EcN induces the production of the antimicrobial peptide human ␤-defensin 2 (hBD-2) in IEC (149) , indicating that the control of potentially harmful bacteria by probiotic strains may involve both direct and indirect mechanisms. At the intracellular level it has recently been shown that probiotic strains can inhibit NF-B activation (113) and induce the expression of heat shock proteins (HSP) in IEC (68, 106) , mechanisms likely to underlie the anti-inflammatory and cytoprotective effects of these strains. For example, the induction of HSP by bacterial products was associated with homeostatic effects and protection against colitis (119). Recently, it was also demonstrated that novel proteins isolated from Lactobacillus rhamnosus GG activate phosphoinositide-3 kinase signaling and regulate intestinal epithelial antiapoptotic and survival responses (157) . Other examples of such protective phenomena include the observation that E. coli strains colonizing the gastrointestinal tract protect germfree mice against S. enterica serovar Typhimurium infection (52) . It has also been reported that gram-negative enteric bacteria evoke sustained expression of HSP25 and HSP72 in the IEC of normal mice, thereby helping maintain the integrity of the intestinal barrier (67) . Interestingly, it has been shown that IEC, like other immune cells, can participate in bacterial DNA recognition (59) . This study demonstrated that epithelial cells recognize and respond to DNA from probiotic bacteria with attenuation of the NF-B signaling pathway and downregulation of CXCL8 secretion in response to proinflammatory cytokines. Correlated with this observation, probiotic DNA, signaling via TLR9, can ameliorate inflammation in experimental colitis (117) .
Homeostasis may even involve different strains of the same organism. An intriguing twist to the interaction of Salmonella with T84 cells is the finding that a nonpathogenic strain of Salmonella can prevent the induction of CXCL8 secretion by pathogenic Salmonella (102) . Nonpathogenic Salmonella blocks IB␣ degradation, which prevents subsequent nuclear translocation of the active NF-B dimer. Although IB␣ is phosphorylated, (68) , its subsequent polyubiquitination is specifically inhibited, probably due to blocking of the E3-SCF ␤-TrCP ubiquitination complex (68). This phenomenon has been shown to be dependent on the generation of reactive oxygen species, specifically hydrogen peroxide (71) . Another mechanism of NF-B inhibition has also been described for the abundant commensal Bacteroides thetaiotaomicron. This bacterium attenuated proinflammatory signaling by pathogenic bacteria and bacterial components, such as flagellin, and diminished inflammation and cellular infiltrate in a rat model of infection (65) . The mechanism involved targeting the NF-B subunit, RelA, and promoting its export from the nucleus in a peroxisome proliferator-activated receptor ␥-dependent fashion (65) . The transport of this transcriptional complex from the nucleus into the cytoplasm blocked NF-B-activated proinflammatory genes. Moreover, peroxisome proliferator-activated receptor ␥ is abundantly expressed in enterocytes, possesses anti-inflammatory properties, and seems to be a potential therapeutic target (63) . Thus, commensals have developed sophisticated mechanisms to regulate inflammatory pathways and protect the host from pathogens. Indeed, such findings imply that commensal bacteria are partially responsible for the unique tolerance of the gastroin-testinal mucosa to the proinflammatory stimuli presented by the enormous numbers of bacteria inhabiting the gut.
ENDOGENOUS INTESTINAL ANTI-INFLAMMATORY MEDIATORS AND MECHANISMS (i) LIPOXINS
Lipoxins, which are lipid mediators that exert immunoregulatory actions on a wide range of cell types, are biosynthesized by lipoxygenases during cell-cell interactions and/or when cells are primed by cytokines (136) . It has been established that lipoxins and related molecules, such as the more recently discovered resolvins, are anti-inflammatory, playing significant roles in the inhibition and resolution of inflammation (137) . These lipid mediators are important in the control and resolution of low-grade inflammation throughout the body and contribute to the maintenance of immunologic homeostasis in the intestine. Indeed, it is possible that lipoxins downregulate bacterially induced inflammation in vivo, as exciting data from recent studies show that lipoxin A 4 analogues attenuate the induction of a range of proinflammatory genes by IEC in response to S. enterica serovar Typhimurium infection and also reduce inflammation in colitis models (34, 43) . In addition, we reported for the first time that the expression of the antibacterial endotoxin-neutralizing protein bactericidal/permeabilityincreasing protein (BPI) is upregulated by the stable lipoxin analogue ATLa in a range of epithelial cell lines (13) . Thus, given their size (Ͻ400 Da), stability, and composition, lipoxin and resolvin analogues seem to be especially promising as future therapeutic modalities for mucosal inflammation, whereby some observed benefits may be related to the induction of epithelial BPI.
(ii) ANTIMICROBIAL PEPTIDES AND PROTEINS
Since IEC must coexist with a high density of diverse microorganisms, protection against these organisms must occur on multiple levels (Fig. 1) . For example, in addition to effectors of adaptive immunity, it should be noted that there are other protective mechanisms at mucosal surfaces; one example is secretory IgA, approximately 3 g of which is secreted into the gut lumen every day. This mucosal antibody can prevent adherence to and invasion of IEC by bacteria and is a pivotal component in innate immunity (98) . Mucins also comprise an important protective barrier along the gastrointestinal tract (20) . Complementing these strategies, the active synthesis and secretion of small cationic antimicrobial peptides (defensins) by the epithelium and immune cells have more recently been recognized as a key mechanism for host defense. In humans, over a dozen of these antimicrobial peptides have been identified to date, and they include several salivary histadins, lactoferrin, ␣-defensins, ␤-defensins, and an 18-kDa human cationic antimicrobial protein, hCAP18 (cathelicidin LL-37).
Antimicrobial peptides and proteins are considered major effectors of innate immunity, regulating bacterial density in the intestine, and their gastrointestinal expression is evolutionarily conserved (8) . Most antimicrobial peptides and proteins expressed by mammalian epithelial cells are members of peptide families that mediate nonoxidative microbial cell killing by phagocytes (8) . Paneth cells are a major source of ␣-defensins and are located at the base of the crypts of Lieberkuehn in the small intestine of many mammalian species (108) . Paneth cells are recognized by the unusually large apical secretary granules that they release into the crypt. These cells play a crucial role in innate immunity and, in particular, are a source of several antimicrobial enzymes, such as lysozyme, Reg3␥, and group IIA phospholipase A 2 , as well as ␣-defensins, which are stored in secretory granules (154) . In common with other cationic antimicrobial peptides, defensins are thought to kill target microbes by disrupting their membrane integrity.
Preserving stem cell viability is vital to maintaining epithelial monolayer integrity, and thus, the proximity of Paneth cells with their armament of antimicrobial agents appears to provide an effective mechanism for protection against potential pathogenic insult. The antimicrobial activity of ␣-defensins likely targets both the resident microflora and pathogenic microorganisms. It has been proposed that by shaping the composition of the endogenous flora, Paneth cell ␣-defensins may also indirectly contribute to host defense since the resident flora competes for nutrients with incoming pathogenic microbes. The resident flora can also secrete antimicrobial substances (i.e., bacteriocins) (109) . Therefore, the release of Paneth cell ␣-defensins into the crypt lumen is presumed to protect the mitotically active crypt cells, stem cells, and the host from ingested pathogens as a way of limiting the number microbes that colonize the crypt and the lumen and to help stabilize the composition of the endogenous flora (109) . Under optimal pH and ionic conditions, mouse Paneth cell ␣-defensins have microbial activity against E. coli, Staphylococcus aureus, and S. enterica serovar Typhimurium. Likewise, human ␣-defensins are active against several bacterial species, including L. monocytogenes, E. coli, and S. enterica serovar Typhimurium (128, 150) .
␤-Defensins are expressed in several organs, such as skeletal muscle, airways, the esophagus, the tongue, the skin, and the intestine (111) . To date six hBDs (hBD-1 to hBD-6) have been identified, and of these six, hBD-2 is perhaps the most relevant ␤-defensin in the gastrointestinal tract, where it is expressed only when there is infection or inflammation (32) . Regulation of hBD-2 in the intestinal epithelium is not fully understood, although there is evidence that its induction is mediated by proinflammatory cytokines, such as IL-1, mostly through NF-B-and AP-1-dependent pathways (149) . Interestingly, there is also recent evidence which suggests that hBD-2 expression is regulated by TLR signaling in IEC (146) . Intriguingly, this observation is consistent with previous reports which showed that IEC are poorly responsive to gram-positive and gramnegative pathogen PAMPs, since under normal baseline conditions IEC express low levels of TLR2, TLR6, and TLR4 (and the accessory molecule MD-2) (97). However, in response to cytokine stimulation, expression of TLR4 and MD-2 can be markedly increased, suggesting that TLR expression is induced during infections and inflammation (141) . Thus, it appears that TLRs are required for PAMP-mediated expression of ␤-defensin 2 in IEC and that this mechanism may protect the intestinal epithelium from pathogen invasion, as well as from potential invaders among the commensal intestinal flora.
Several ␤-defensins have activity against certain bacteria. Compared with other hBDs, hBD-1 showed weaker antibacterial activity. hBD-2, however, is microbicidal against Pseudomonas aeruginosa, E. coli, and Candida albicans (a yeast) and VOL. 76, 2008 MINIREVIEW 3367
on September 7, 2017 by guest http://iai.asm.org/ is also bacteriostatic with S. aureus. hBD-3 has activity against S. aureus and is less sensitive to the ion composition of the medium, whereas hBD-4 is bactericidal against staphylococci, P. aeruginosa, and some yeasts (111) . Evidence of a critical role for cathelicidin LL-37 in antimicrobial defense at the gastrointestinal mucosa comes from both clinical observations and experimental models. Central to the demonstration that cathelicidin expression is relevant to gastrointestinal mucosal defense were experiments that showed that mice lacking cathelicidins were more susceptible to bacterial attachment to the intestinal wall (55) . Moreover, macrophages isolated from cathelicidin-deficient animals were significantly less able to fight intracellular Salmonella bacteria (124) .
Cathelicidin LL-37 is expressed within the epithelial cells located at the surface and upper crypts of a normal human colon (47) . However, little or no expression was seen within the deeper colon crypts or within epithelial cells of the small intestine (47) . The expression of this peptide was not upregulated in response to tumor necrosis factor alpha, IL-1␣, gamma interferon, LPS, or IL-6, nor did the expression patterns and levels of LL-37 in the epithelia of normal and inflamed colons differ (150) . Microbial products in general do not activate epithelial cathelicidin expression in vitro, with the exception of short-chain fatty acids, especially butyrate (130) . Butyrate is a by-product of bacterial fiber fermentation that is produced by the endogenous intestinal flora, and it is a major trophic factor for colonocytes. A recent compelling study showed that oral butyrate treatment of Shigella-infected dysenteric rabbits led to improvement of clinical symptoms, decreased blood in the stool, and a reduction in the bacterial load in the stool (120) . Furthermore, examination of the rectal tissue of butyratetreated rabbits demonstrated that there was upregulation of LL-37 expression. By contrast, untreated rabbits showed strong cathelicidin suppression after infection (120) . These data not only support the notion that cathelicidin is an essential effector molecule but also suggest that certain intestinal infections may be treatable through stimulation of epithelium-derived antibiotics.
BPI is a highly cationic protein with a molecular mass of approximately 55 kDa. It was first found to be present in the azurophilic granules of neutrophils by Weiss and colleagues, and it is thought to be the most potent component in nonoxidative killing mediated by these cells (152) . More recently, BPI has also been shown to be expressed on the surface of neutrophils (148), on the surface of monocytes (24) , in the granules of eosinophils (11) , and in fibroblasts (122) . Functional BPI is expressed in IEC and in the epithelium at other mucosal sites (13) . By employing a BPI-neutralizing antiserum, it was revealed that surface BPI blocks endotoxin-mediated signaling in epithelia and kills S. enterica serovar Typhimurium. These studies identified epithelium-associated BPI as a potentially important "molecular shield" for protection of mucosal surfaces against gram-negative bacteria and their endotoxins (12, 13) . BPI is a member of a protein family that includes other lipid-and LPS-binding proteins and is most closely related (approximately 45% sequence homology) to another LPSbinding protein, an acute-phase secretory product of hepatocytes (135) . BPI mediates its antibacterial and LPS neutralizing effect by binding to the lipid A portion of LPS with a highaffinity attraction (40) . The N-terminal half of the molecule is important for the antibacterial and endotoxin neutralization functions, and the motif necessary for bacterial opsonization is located in the C terminus (3) .
Once BPI has bound LPS, hydrophobic interactions between the protein and the acyl chains of both LPS and phospholipids are also thought to contribute to the perturbations in the outer membrane of the bacterium. The accompanying alterations correlate with the bacteriostatic effects of BPI (86) . The second effect in BPI-mediated bacterial killing is thought to be timedependent further penetration of BPI into the envelope, allowing the molecule to extend the damage to the bacterial inner membrane, which results in disruption of critical biochemical machinery and bacterial killing. Whereas the early effects of BPI on the gram-negative bacterial wall are enhanced by defensin and cathelicidin peptides (77) , late effects are thought to be accelerated by complement and by bacterial phospholipid hydrolysis (86) . The implications of such cooperative activity among antimicrobial peptides and proteins in vivo are largely unexplored. Thus, binding of BPI to live bacteria results in (i) a discrete increase in the permeability of the outer membrane, (ii) hydrolysis by bacterial phospholipase and some host phospholipases of bacterial phospholipids (151) , and (iii) interruption of cell division.
The bactericidal activity of BPI varies depending on the structure of the LPS; smooth strains of bacteria, possessing longer O-linked side chains, show greater resistance to BPI (14) , and as previously mentioned, such strains exhibit greater virulence in vivo (82) . In contrast, the antiendotoxic activities of BPI against the LPS isolated from a broad range of gramnegative bacteria are very similar regardless of the LPS structure. In general, the cytotoxic activity of BPI is limited to a wide range of gram-negative bacterial species, including encapsulated, serum-resistant E. coli K1-R, Salmonella species, and Shigella species. BPI exhibits less activity against Klebsiella pneumoniae (153) and little in vitro activity against Serratia marcescens and Burkholderia cepacia (28) . Furthermore and importantly, BPI is not toxic to the eukaryotic cells that have been tested (28) and has been safe and efficacious in the human trials carried out thus far (76) . Therefore, antimicrobial peptides and proteins represent a future therapeutic modality in the treatment of intestinal inflammatory disorders.
AUTOPHAGY
Autophagy is a lysosomal degradation pathway that is essential for cell survival, differentiation, development, and homeostasis. In the case of pathogenic insult, the autophagic machinery is a clever defense system against intracellular pathogens that targets the selective delivery of microorganisms to degradative lysomsomes (a process termed xenophagy) and the delivery of microbial nucleic acids and antigens to endosomal/lysosomal compartments for actvation of innate and adaptive immunity (74, 75, 133) . Examples of bacteria that are degraded in vitro by xenophagy include S. enterica serovar Typhimurium, Shigella flexneri, L. monocytogenes, Mycobacterium tuberculosis, group A Streptococcus, and Francisella tularensis. Although it is envisaged that xenophagy occurs in vivo, the current data supporting this hypothesis are limited to certain viral diseases, such as the diseases caused by tobacco mosaic virus in plants and herpes simplex virus type 1 and Sindbis virus in mice (74, 75) . However, given the significance of autophagy in host defense against intracellular pathogens, microbial virulence (sculpted by a coevolutionary process) may be partially determined by the ability of such pathogens to prosper and successfully antagonize host autophagy. For example, successful intracellular microbes may antagonize the signaling pathways that antagonize autophagy, as well as membrane trafficking events that are required for lysosomal delivery and degradation (74, 75) . Interestingly, autophagy genes have recently been linked with the development of CD (88) .
PATHOGENIC DEFENSES
To counter the effectiveness of antimicrobial peptides, many bacterial pathogens have developed defensive strategies for survival. Thus, resistance to antimicrobial peptides is considered a strong virulence determinant, and many of the defensive strategies appear to be species specific. Some general mechanisms include bacterial downregulation of antimicrobial peptide expression by host cells and the expression of factors that prevent the effectiveness of antimicrobial peptides and proteins. There are two striking examples for intestinal pathogens. For effective pathogenesis Salmonella needs to survive in the small intestine lumen. Interestingly, it has been documented that S. enterica serovar Typhimurium can downregulate both message and stored protein levels of several Paneth cell antimicrobials in mice, including defensins and lysozyme (127) . Such regulation of Paneth cell antimicrobial peptide and protein expression appears to be linked to successful invasion via the Salmonella pathogenicity island 1 type III secretion system. This finding raises the possibility that specific interactions between the bacterium and the mucosa, and perhaps Salmonella pathogenicity island 1-secreted effectors, are required for induction of the alteration in antimicrobial peptide expression. Thus, this example illustrates that Salmonella may gain a specific survival advantage in the intestinal lumen by decreasing the expression of antimicrobial peptides and proteins.
Likewise, S. flexneri infection was found to decrease the expression of ␣-defensin 1 and LL-37 in colonic epithelial cell lines, as well as in human colonic biopsy specimens. Such regulation requires only the Shigella virulence plasmid DNA (even in the absence of live bacteria) (57) . The fact that S. enterica serovar Typhi and L. monocytogenes do not modulate Paneth cell antimicrobial expression indicates that such effects are species specific. These observations further suggest that distinct antimicrobial effector molecules of the intestinal mucosa are capable of responding differently, depending on the bacterial stimulus.
Enteric pathogens can also change their structural components to evade immune recognition and susceptibility to antimicrobial peptides. A key pathway for the induction of inflammation in response to gram-negative bacteria is the activation of TLR4 signaling by LPS. The immunity-activating moiety of LPS is lipid A, a diglucoasamine unit with covalently attached acyl chains that interacts with the host LPS receptor complex consisting of TLR4 and its coreceptor MD-2 to induce cellular responses. While the lipid A structure is conserved among gram-negative bacteria, it is not invariant. Consequently, the number, location, and composition of the acyl chains vary among species and are profoundly influenced by the environment. For instance, in response to environmental conditions, S. enterica covalently modifies its lipid A through a variety of processes, including, palmitoylation, deacylation, hydroxylation, and the addition of 4-amino-4-deoxy-L-arabinose (aminoarabinose) or phosphoethanolamine (29, 118) . Similar modifications occur in other gram-negative bacteria, including E. coli (158) , Yersinia pestis (64) , and P. aeruginosa (30) . Thus, changes in the acylation pattern of LPS and other LPS modifications are important bacterial adaptation responses, making the invading bacteria "Trojan horses" since they are less likely to be recognized by TLR4.
CONCLUSION
The first recorded citation in the Oxford English Dictionary of the term inflammation dates from the mid-1500s, and this word means the action of "setting on fire." Indeed, an expression for the condition that we recognize today as inflammation can be found in the earliest Egyptian medical papyri (ca. 2500 BC). However, inflammation, its onset, and the agents that limit it remain incompletely understood. In this context there is still confusion regarding the exact role of bacteria in the intestine. While bacteria are essential for immune development in this organ, it is clear that these organisms can cause inflammation. It is increasingly recognized that communication between bacteria and mucosal epithelial cells is a bidirectional process, with bacteria being able to both diminish and augment inflammatory pathways. The development of tolerance or unresponsiveness to the indigenous microflora and protective immune responses to enteropathogens remains an intruiging paradox, and the cellular context of a protective or detrimental response remains to be fully clarified. With an understanding of how such homeostatic processes function to maintain the host in a state of health, it can perhaps be divined how these mechanisms malfunction in disease.
